Introduction
============

Lung cancer is a severe form malignant disease, with \~80% of patients diagnosed with non-small cell lung cancer ([@b1-ol-0-0-6940]). Radio- or chemotherapy prolongs the overall survival time of the majority of patients with advanced or relapsed lung cancer and improves their quality of life ([@b2-ol-0-0-6940]). However, several phase III randomized clinical trials have revealed that the most effective radio- or chemotherapy can only achieve an overall response rate of 20--40% and a 1-year overall survival rate of 35--45% ([@b3-ol-0-0-6940]--[@b5-ol-0-0-6940]), accompanied by severe side effects and toxicity that elderly patients are intolerant to ([@b6-ol-0-0-6940]). As radiosensitization can enhance the efficiency and mitigate the side effects of radiotherapy, it has been one of the most active fields of cancer radiotherapy research ([@b7-ol-0-0-6940]). An ideal radiosensitizer should be tumor-specific but have low or absent toxicity to normal cells. However, the most widely used radiosensitizers, are nitroimidazoles, fluorouracil, cisplatin and Taxol, which exhibit a sensitizing action on radiotherapy, remain limited in their clinical use due to high toxicity to normal tissues ([@b8-ol-0-0-6940]). Molecular targeted drugs (MTDs) are extensively studied in cancer therapy ([@b9-ol-0-0-6940]). By harnessing the distinctions between cancer cells and normal cells, MTDs target tumor-specific structures and signal transduction-associated receptors or other enzymes, proteins and cytokines in order to kill cancer cells and suppress tumor development ([@b10-ol-0-0-6940],[@b11-ol-0-0-6940]).

Previous studies have suggested that the overexpression of COX-2 is associated with oncogenesis, and that COX-2 inhibition or prostaglandin-endoperoxide synthase-2 knockout can reduce tumor occurrence ([@b12-ol-0-0-6940],[@b13-ol-0-0-6940]). In addition, there is a negative correlation between COX-2 expression levels and prognosis ([@b14-ol-0-0-6940],[@b15-ol-0-0-6940]). With its differing expression patterns in tumor and normal tissues, COX-2 has become a novel target in cancer therapy for its role in tumor occurrence and development ([@b12-ol-0-0-6940]--[@b15-ol-0-0-6940]). Selective COX-2 inhibitors (SCIs) are also effective in cancer prophylaxis and tumor therapy, exhibiting a high efficiency and a good safety profile with few side effects ([@b16-ol-0-0-6940],[@b17-ol-0-0-6940]).

Representative SCIs, including celecoxib and NS-398, have exerted notable anticancer effects in several prior *in vitro* studies ([@b18-ol-0-0-6940],[@b19-ol-0-0-6940]); however, the results were not as expected in clinical trials, possibly as SCIs do not kill cancer cells directly ([@b20-ol-0-0-6940],[@b21-ol-0-0-6940]). Therefore, a combination of SCIs and radiotherapy or chemotherapy may be necessary to improve the treatment efficacy. In particular, it has been reported that radiotherapy stimulates COX-2 expression in a dose-dependent manner ([@b22-ol-0-0-6940]), which provides a rational basis for the combined treatment of SCIs and radiotherapy.

The present study aimed to treat lung cancer A549 cells using celecoxib combined with radiotherapy. Through analysis of cell cycle progression, cell growth, proliferation and apoptosis, the efficacy of this combination therapy was evaluated in cell culture.

Materials and methods
=====================

### Reagents

Celecoxib was purchased from Selleck Chemicals (Houston, TX, USA). X-ray radiation was conferred by Radsource 2000 from Radsource, LLC (Brentwood, TN, USA). TRIzol^®^ and primers were purchased from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and the ThermoScript RT reverse transcription-polymerase chain reaction (RT-PCR) kit was purchased from Fermentas (Thermo Fisher Scientific, Inc.). The PCR Amplification kit was obtained from Takara Bio, Inc., (Otsu, Japan). The Annexin V-Fluorescein Isothiocyanate (FITC) kit (cat. no. KFG001) was purchased from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). Hoechst 33258 was purchased from Beyotime Institute of Biotechnology (Haimen, China). The laser confocal scanning microscope, flow cytometer, PCR thermocycler, gel electrophoresis imaging system and cell culturing equipment were all obtained from The Second Affiliated Hospital, Suzhou University (Suzhou, China).

### Cell culture

The human A549 lung adenocarcinoma and H292 lung mucoepidermoid carcinoma cell lines were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China) and cultured using RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA, USA). Cultures were maintained in a 5% CO~2~ incubator at 37°C.

### MTT assay

A549 cells were cultured on 96-well plates at 5,000 per well and allowed to grow to \~70% confluence. The medium was discarded and replaced following cell adherence and the cells were subjected to dimethyl sulfoxide (DMSO) or celecoxib treatment (100, 200 or 400 µM), with/without prior exposure to 6 Gy X-ray radiation for 5 min. A total of five replicates were set for each group and the cells were cultured for 24, 48, 72, 96 and 120 h, respectively. The medium was renewed for each group every 24 h. MTT solution (5 g/l) was added to each well prior to the chromogenic reaction and subsequently incubated for an additional 4 h, following which the incubation was stopped and the medium was carefully aspirated with a sterile pipette. DMSO (100 µl) was added to each well, followed by oscillation with a micro-oscillator for 10 min to dissolve the crystals completely. The optical density (OD) value of each well was detected under a wavelength of 490 nm, and the survival ratio was calculated according to following equation: Survival ratio = (mean OD value of the experimental group-background)/(mean OD value of the control group-background).

### Detection of cell apoptosis by laser confocal scanning microscopy (LSCM)

A549 cells were cultured on 6-well plates with a coverslip in each well (50,000/well). Cells were treated with DMSO (0.1%), Celecoxib (200 µM), X-ray irradiation (6 Gy for 5 min) or Celecoxib (200 µM) combined with prior X-ray irradiation (6 Gy for 5 min). Serum-free medium and celecoxib-containing medium was refreshed every 24 h, and the cells were incubated at 37°C for a total of 48 h. Cells were fixed in 4% formaldehyde in PBS containing 0.1% TritonX-100 for 15 min at room temperature. Hoechst 33258 staining and mounting were performed according to the protocol provided by the Beyotime Institute of Biotechnology. Images were visualized and captured on an Olympus FV3000 microscope (Olympus Corporation, Tokyo, Japan) using magnification, ×400.

### Detection of cell cycle and apoptosis by flow cytometry

A549 or H292 cells were seeded onto a 6-well plate (50,000/well) and allowed to grow to \~70% confluence. Cells were treated as aforementioned for 48 h. Prior to harvesting, cells were washed twice with PBS. In total, \~1×10^5^ cells were collected for each group and centrifuged at 500 × g for 5 min at 4°C. For cell cycle analysis, cells were fixed in 70% ethanol at 4°C for 3 h. 100 µl Ribonuclease A (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added and the system was incubated in a water bath at 37°C for 15 min. Subsequently, 400 µl propidium iodide (PI) was added, mixed well and incubate in a dark chamber at room temperature for 30 min. Samples were detected at an excitation wavelength of 488 nm (Cytomics FC 500 MCL; Beckman Coulter, Inc., Brea, CA, USA). Results were from three replicate experiments. The percentages of cells in the G~0~/G~1~ phase, S phase and G~2~/M phase were statistically analyzed using CXP software (Beckman Coulter, Inc.). The detection of apoptosis was performed using the Annexin V-FITC kit, according to its recommended protocol. Early phase apoptosis, which is characterized by Annexin V-positive staining, was recorded to assess the pro-apoptotic effect of indicated treatment.

### COX-2 expression levesl measured by RT-PCR

A549 cells (50,000/well) were cultured on a 6-well plate with 3 technical repeats and grown to \~70% confluence. Cells were then irradiated with 6 Gy X-ray for 5 min, and subsequently treated with 100, 200 or 400 µM celecoxib. Total RNA extraction and target RNA amplification by RT-PCR was performed according to the protocol provided with the kit under the following conditions: 37°C for 15 min; 85°C for 5 sec and 4°C for 5 min. cDNA products were subjected to PCR amplification as follows: 94°C for 5 min followed by 30 cycles of 94°C for 30 sec, 60°C for 30 sec and 72°C for 30 min followed by a final extension step of 72°C for 5 min. The following primers were used: COX-2, forward, 5′-CTGGCGCTCAGCCATACAG-3′ and reverse, 5′-CGCACTTATACTGGTCAAAT-CCC-3′; β-actin forward, 5′-GGGACCTGACTGACTACCTC-3′ and reverse, 5′-TCATACTCCTGCTTGCTGAT-3′. PCR products were separated on a 1% agarose gel at 160 V for 20 min.

### Statistical analysis

All data are presented as the mean ± standard deviation from three independent experiments. Drug doses and inhibitory rates were subjected to normality tests and accorded with a normal distribution. Single factor analysis of variance (ANOVA) was used. A two-way ANOVA test was adopted for analysis of the cell cycle and apoptosis. P\<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed with SPSS v.13.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).

Results
=======

### Untreated A549 cells are partially resistant to X-ray radiation

To evaluate the inhibitory effects of radiation on lung cancer A549 cells, assessment of apoptosis was performed subsequent to exposing A549 cells to X-ray radiation (6 Gy). The results demonstrated that radiation alone mildly induced apoptosis ([Fig. 1A and B](#f1-ol-0-0-6940){ref-type="fig"}). As demonstrated by an MTT assay, \~50% of A549 cells remained proliferative five days following exposure ([Fig. 1C](#f1-ol-0-0-6940){ref-type="fig"}). These results indicated that a large portion of A549 cells harbored resistance to radiation treatment, which necessitates a synergist to provide improved efficiency.

### COX-2 inhibitors enhance radiation-induced growth inhibition

Studies have demonstrated that COX-2 is associated with tumorigenesis ([@b12-ol-0-0-6940],[@b13-ol-0-0-6940]), and that the expression of COX-2 is elevated in lung cancer ([@b23-ol-0-0-6940]). Furthermore, radiotherapy is a stimulus of COX-2 expression ([@b22-ol-0-0-6940],[@b24-ol-0-0-6940]), which indicates that COX-2 may be involved in the resistance of A549 cells to X-ray radiation. Therefore, COX-2 inhibitors might be able to potentiate the efficacy of radiotherapy. Based on this radiosensitizing potential, a cell counting assay was performed using A549 cells treated with celecoxib, X-ray radiation or celecoxib combined with irradiation. First, it was revealed that COX-2 expression was sufficiently inhibited when COX-2 inhibitors were added ([Fig. 2A](#f2-ol-0-0-6940){ref-type="fig"}). Nuclear staining was then performed using Hoechst 33528. Using LSCM, clear apoptosis-associated morphological changes were observed, including anachromasis, pyknosis and karyorrhexis, as well as apoptotic bodies, particularly when celecoxib and X-ray radiation were combined ([Fig. 2B](#f2-ol-0-0-6940){ref-type="fig"}). Furthermore, an MTT assay was conducted to confirm whether the killing effect of X-rays was enhanced by COX-2 inhibitors. The results demonstrated that celecoxib combined with X-ray irradiation had an improved efficacy compared with X-rays or celecoxib alone, in a time and dose-dependent manner ([Fig. 2C and D](#f2-ol-0-0-6940){ref-type="fig"}).

### COX-2 inhibitors promote radiation-induced apoptosis and cell cycle arrest

To quantify the pro-apoptotic function of the combination treatment, an Annexin-V and PI dual labeling kit was used to detect cell apoptosis, from which the apoptotic rate was calculated. The results demonstrated that 100 µM celecoxib or 6 Gy radiation induced apoptosis in lung cancer A549 cells, but a combination of the two had an improved pro-apoptotic effect ([Fig. 3A](#f3-ol-0-0-6940){ref-type="fig"}). Comparable results were also obtained using the H292 lung cancer cell line ([Fig. 3B](#f3-ol-0-0-6940){ref-type="fig"}). The number of normally cycling cells substantially determines the viability of a cell population, and COX-2 inhibitors have been reported to hamper cell cycle progression, causing a G~0~/G~1~ or G~2~/M stage arrest depending on the type of cells ([@b25-ol-0-0-6940]). Therefore, it was investigated whether cell cycle alterations caused by celecoxib contributed to the improved efficiency of X-ray irradiation. Cell cycle analysis was conducted under designated conditions. As shown in [Fig. 3C](#f3-ol-0-0-6940){ref-type="fig"}, in A549 cells, X-ray treatment induced G~2~/M arrest, and this cell cycle blockage was enhanced significantly by the addition of celecoxib ([Fig. 3C](#f3-ol-0-0-6940){ref-type="fig"}, [Table I](#tI-ol-0-0-6940){ref-type="table"}). The same effect was also observed in H292 cells ([Fig. 3D](#f3-ol-0-0-6940){ref-type="fig"}). It was concluded that COX-2 inhibitors sensitize lung cancer cells to X-rays, not only via suppressing the tumor-promoting effects of COX-2 that are stimulated by radiotherapy, but also due to enhanced rates of cell cycle arrest and apoptosis.

Discussion
==========

Surgery, radiotherapy and chemotherapy are the three main treatments for malignant tumors. Although the response rate of these therapies has improved over previous years, even higher efficacy is challenging to achieve due to their concomitant disadvantages. Radiotherapy is widely adopted for malignant tumors as a local treatment. However, unfavorable responses are frequently observed due to tumor resistance to radiation and the intolerance of patients to severe toxicity and side effects ([@b26-ol-0-0-6940]--[@b28-ol-0-0-6940]). Furthermore, uncontrolled distant metastasis also contributes to treatment failures. Contemporarily, a combination of radiotherapy with chemotherapy is the predominant approach of cancer therapy, but due to toxicity and adverse reactions the effects are frequently unsatisfactory ([@b26-ol-0-0-6940],[@b29-ol-0-0-6940]). Therefore, it is essential for oncologists to identify methods of improving the therapeutic efficacy and local control rate, and to control the rate of distant metastasis and reduce the impairment of healthy tissues.

COX is a key enzyme catalyzing the synthesis of prostaglandins (PG) and thromboxane A2 from arachidonic acid ([@b30-ol-0-0-6940]--[@b32-ol-0-0-6940]). Several types of PG have comprehensive functions in body, and are involved in a number of physiological reactions, including cruor, ovulation, parturition, renal function maintenance and immune response ([@b32-ol-0-0-6940],[@b33-ol-0-0-6940]). Furthermore, PG performs a pivotal role in inflammation ([@b31-ol-0-0-6940]). COX includes two subtypes, COX-1 and COX-2, which are distinct in their biological characteristics. COX-1 maintains normal physiological functions of the human body, while COX-2 is associated with inflammation, pain and tumorigenesis ([@b34-ol-0-0-6940],[@b35-ol-0-0-6940]). Expression of COX-2 is elevated in numerous tumor tissues, including colon and lung cancer ([@b23-ol-0-0-6940],[@b36-ol-0-0-6940]). A number of studies have confirmed that COX inhibitors can suppress tumor occurrence and development ([@b37-ol-0-0-6940]--[@b40-ol-0-0-6940]); however, previous non-specific COX inhibitors have been gradually aborted due to their gastrointestinal toxicity ([@b41-ol-0-0-6940]). Thus, selective COX-2 inhibitors have become an alternative that is being intensively studied. The antitumor activity of COX-2 inhibitors may contribute to their functions to promote apoptosis, to suppress angiogenesis, to inhibit synthesis of PG, to enhance immunity and to prevent tumor invasion and metastasis ([@b42-ol-0-0-6940],[@b43-ol-0-0-6940]). Radiotherapy is a stimulus of COX-2 overexpression, which functions in a dose-dependent manner ([@b22-ol-0-0-6940],[@b24-ol-0-0-6940]), indicating a potential mechanism of tumor reoccurrence and metastasis. This provides a theory basis for the combination treatment of radiotherapy and COX-2 inhibitors.

To investigate whether COX-2 inhibitors combined with radiotherapy yield enhanced antitumor effects, lung cancer A549 cells overexpressing COX-2 were treated with celecoxib, radiation or a combination of celecoxib and radiation. Through different methods it was concluded that, under the same conditions, proliferation of A549 cells is inhibited more evidently by celecoxib combined with radiotherapy than by the drug or irradiation alone. Within the combination groups, growth inhibition became more potent when the concentration of celecoxib was increased or the exposure time was longer, indicating that this combination treatment works in a dose- and time-dependent manner. The results also demonstrated that treatment with 100 µM celecoxib enhanced the cell cycle arrest and apoptosis caused by radiation. Consistent outcomes have been reported using other types of cancer cells. Using mouse fibrosarcoma cells, Raju *et al* ([@b25-ol-0-0-6940]) identified that COX-2 inhibitors triggered an accumulation of cells in the G~2~/M phase, and the expression of cyclin A, cyclin B and cyclin dependent kinase 1/2 (CDK1/2) was also decreased. However, a study by Grösch *et al* ([@b44-ol-0-0-6940]) on colon cancer cells revealed a G~0~/G~1~ arrest caused by COX-2 inhibitors, which lowered the expression levels of cyclin A, cyclin B and and CDK1/2, and the expression of cell cycle inhibitory proteins, including p21/waf1 and p27/Kip1, was upregulated. Therefore, the cell cycle arrest caused by celecoxib may depend on the type of cancer cells or other unknown factors.

Numerous studies have demonstrated that COX-2 inhibitors induce apoptosis in tumor cells ([@b45-ol-0-0-6940]--[@b47-ol-0-0-6940]). A previous study by Kern *et al* ([@b45-ol-0-0-6940]) involving four hepatoma cell lines expressing COX-2 determined that COX-2 inhibitors induced apoptosis independent of the phosphorylation state of B-cell lymphoma-2 (Bcl-2), Bcl-2-associated X protein, protein kinase B and Bcl-2-associated death promoter, but associated with the activation of caspase-9, caspase-3 and caspase-6. Li *et al* ([@b46-ol-0-0-6940]) revealed that, in esophageal carcinoma cells, COX-2 inhibitors induced the apoptosis of those expressing COX-2 through a cytochrome *c*-dependent pathway. It was also reported that the apoptosis induced by COX-2 inhibitors is not evident in human hepatoma cells, and COX-2 inhibitor induces apoptosis in tumor cells is independent of COX-2 expression ([@b47-ol-0-0-6940]). In the present study, cell apoptosis induced by a combination therapy of X-ray irradiation and COX-2 inhibitors was significantly increased.

The present study corroborates that COX-2 inhibitors can enhance the killing effect of radiation on lung cancer cells, which is consistent with the results of prior studies ([@b25-ol-0-0-6940],[@b48-ol-0-0-6940]). However, the mechanisms underlying the radiosensitizing effect of COX-2 inhibitors require further investigation. Raju *et al* ([@b25-ol-0-0-6940]) reported that radiosensitization may be attributed to inhibited sub-lethal DNA damage repair or an increased percentage of cells in the radiosensitive G~2~/M phase. Contradictory results were recorded in U2251 brain glioma cells, in which COX-2 inhibitors boosted radiosensitivity without expanding the cell number of the G~2~/M phase ([@b49-ol-0-0-6940]). In the present study, evident apoptosis was observed in the combination therapy group, supported by the formation of apoptotic bodies, which was observed using LSCM, thereby confirming the pro-apoptotic effects of COX-2 inhibitors combined with radiotherapy on lung cancer A549 cells. Studies have demonstrated that radiation is responsible for elevated COX-2 expression ([@b22-ol-0-0-6940],[@b24-ol-0-0-6940]), and this can be reversed by the addition of a COX-2 inhibitor such as NS398 ([@b48-ol-0-0-6940]), which also acts as a radiosensitizer. Therefore, it was speculated that NS398 may act upstream COX-2 to exert a radiosensitizing effect and inhibit the radiation-induced upregulation of COX-2 expression. In the present study, COX-2 inhibitors were also identified to be a synergist to radiotherapy, of which the mechanism may be associated with decreased intracellular expression of COX-2, accompanied by their effects on improving immunity and inhibiting angiogenesis ([@b50-ol-0-0-6940]).

To conclude, compared with other intervention groups and the control, COX-2 inhibitors combined with radiotherapy exhibit a synergistic effect. This combination significantly suppressed the growth and proliferation of lung cancer cells and promoted apoptosis. The present *in vitro* study provides a novel insight into the treatment of advanced lung cancer. However, whether COX-2 inhibitors combined with X-rays are effective *in vivo* or in clinical use remains unknown. Therefore, the optimal dose and toxicity of celecoxib requires further study.

![Lung cancer cells are resistant to X-ray-mediated cell death. (A) Apoptosis of A549 cells exposed to 6 Gy X-ray radiation was detected by flow cytometry. (B) Quantification of (A). Data are presented as the mean ± standard deviation of three independent experiments. (C) Growth inhibition curve of A549 cells following exposure to 6 Gy X-ray radiation. PI, propidium iodide; DMSO, dimethyl sulfoxide.](ol-14-05-5959-g00){#f1-ol-0-0-6940}

![COX-2 inhibition increases the sensitivity of lung cancer cells to X-ray radiation. (A) Total RNA extract was amplified by reverse transcription-polymerase chain reaction and separated by agarose gel electrophoresis. Upper and lower lanes are COX-2 and β-actin, respectively. (B) Nuclear morphology of A549 cells treated with DMSO, X-rays, celecoxib or celecoxib plus X-ray. Nucleic changes, including anachromasis, pyknosis and karyorrhexis are indicated by the white arrows. Nuclei were stained with Hoechst 33258; image magnification, ×400. (C) A549 cells were irradiated with various doses of X-ray radiation, then treated with/without 200 µM celecoxib for three days. The growth inhibition curve is presented. Data are presented as the mean and standard error of five replicates. \*\*\*\*P\<0.0001, two-way ANOVA. (D) Growth inhibition of A549 cells under indicated treatment. Data were pooled from three parallels and are presented as the mean ± standard deviation. Survival ratio at day 5 was subjected to statistical analysis. \*\*\*\*P\<0.0001, two-way ANOVA. COX-2, cyclooxygenase-2; DMSO, dimethyl sulfoxide; ANOVA, analysis of variance.](ol-14-05-5959-g01){#f2-ol-0-0-6940}

![Cyclooxygenase-2 inhibition enhances X-ray-induced apoptosis and cell cycle arrest. Percentage of Annexin V-positive (A) A549 and (B) H292 cells following the indicated treatments for 48 h. Cell cycle stages of (C) A549 and (D) H292 cells treated as indicated for 48 h. Data are presented as the mean ± standard deviation of three independent experiments. \*\*\*P\<0.001, \*\*\*\*P\<0.0001, two-way analysis of variance. DMSO, dimethyl sulfoxide; n.s., not significant.](ol-14-05-5959-g02){#f3-ol-0-0-6940}

###### 

Cell cycle analysis for each experimental group.

  Group                   Celexcoxib, µM   X-ray, Gy   G~0~/G~1~, %^[a](#tfn1-ol-0-0-6940){ref-type="table-fn"}^   S, %^[a](#tfn1-ol-0-0-6940){ref-type="table-fn"}^   G~2~/M, %^[a](#tfn1-ol-0-0-6940){ref-type="table-fn"}^
  ----------------------- ---------------- ----------- ----------------------------------------------------------- --------------------------------------------------- --------------------------------------------------------
  Control                     0            0           50.01±1.86                                                  34.33±1.30                                          15.88±2.05
  Celecoxib               200              0           56.24±1.53                                                  29.17±1.27                                          14.52±1.83
  Radiation                   0            6           63.19±1.87                                                  24.17±1.23                                          12.82±1.57
  Combination treatment   100              6           67.21±1.93                                                  23.27±1.34                                          9.65±1.67
                          200              6           73.18±1.89                                                  18.36±1.87                                          8.53±1.42
                          400              6           78.24±2.05                                                  14.25±1.47                                          7.62±1.72

Data presented as mean ± standard deviation.
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